OCT-17-1997 15:18 P.o=

T A/W?""/cﬁ - 7= 20517156

Ly M

Filull _R_gm ) e NS

NASA Grant No. NASA-NCC8-67 Gt
NASA Marshall Space Flight Center ST

Marshall Space Flight Center, AL D

Past experience with hybrid rockets has shown that certain motor operating conditions are
conducive to the formation of low frequency pressure oscillations, or flow instabilities, within
the motor. Both past and present work in the hybrid propulsion community acknowledges
deficiencies in the understanding of such behavior, though it scems probable that the answer lies
in an interaction between the flow dynamics and the combustion heat releasc.

Knowledge of the fundamental flow dynamics is essential to the basic understanding of
the overall stability problem. The present work represents a first step in this direction. A series
of tests were conducted at NASA Marshall Space Flight Center (MSFC) on a laboratory-scale
two dimensional water flow model of a hybrid rocket motor. Principal objectives were: (1)
visualization of flow and measurcment of flow velocity distributions: (2) assessment of the
importance of shear layer instabilities in driving motor pressure oscillations; (3) determination
of the interactions between flow induced shear layers with the mainstream flow, the secondary
(wall) throughflow, and solid boundaries; (4) investigation of the interactions between wall flow
oscillations and the mainstream flow pressure distribution.

The test bed was a ¥ scale model of an 11 inch (28cm) subscale Solid Rocket Combustion
Simulator (SRCS) hybrid motor which has recently undergone (hot-fire) tests at MSFC. The test
section was installed in a dual closed-loop water flow facility, originally developed in 1990 to
investigate fluid flow through porous materials. Oxidizer, or main stream flow, was simulated
by a water stream entering through injector slots located in the forward section of the "motor”;
this flow could be injected either axially (along the motor axis) or radially. Fuel grain "burning”
(mass injection only) was simulated by a secondary water stream entering the test section through
100y sintered bronze porous plate material. The test section side walls were constructed of clear
acrylic for flow visualization and optical velocity measurements. Flow visualization was
accomplished through injection of very small helium bubbles into the mainstream and/or
secondary flow streams and recording their movement with a 1000 frames/second video recorder.

Results of these tests were presented at the 32nd AIAA/ASME/SAE/ASEE Joint
Propulsion Conference in Orlando, FL, in July 1996, in a paper entitled "Cold-Flow Study of
Hybrid Rocket Motor Flow Dynamics”. This paper (AIAA 96-2843) is included as Appendix

1 of this report.




0CT-17-1997 15:19 P.04

APPENDIX 1: Cold-Flow Study of Hybrid Rocket Motor
Flow Dynamics (AIAA 96-2843)
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Abstract

A study is being conducted at NASA’s
Marshall Space Flight Center (MSEC) on a
laboratory scale two-dimensional water flow
model of a hybrid rocket motor. The test bed
is a scaled model of 2 small hybrid motor
which has recently undergone (hot-fire) tests
at MSFC. The test section is installed in a
gual closed-loop water flow facility,
originally developed in 1990 to investigate
fluid flow through materials.
Oxidizer, or mainstream flow, is simulated by
a water stream entering through injector slots
located in the forward section of the "motor";
this flow may be injected cither axially
(along the motor axis) or radially. Fuel grain
*burning” (mass injection only) is simuiated
byasecondarywa:etsucamenmﬁngthctnst
section through 100y sintercd bronze porous
plate material. The test section side walls are
constructed of  clear acrylic for flow
visualization and optical velocity
mecasurements. Principal objectives include:
(1) visualization of flow and measurement of
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flow velocity distributions; (2) identification
of large-scale shear layer structures within the
flow; (3) determination of the interactions
between flow induccd shear layers with the
main stream flow, the secondary (wall)
through-fiow, and solid boundaries; 4)
investigation of the interactions between wall

flow oscillations and the mainstream flow -

distribution. The present paper
describes this study and presents some
preliminary results for (13

Introduction

Recent hybrid motor testing at NASA's
Marshall Space Flight Center (MSFC) has
shown that certain motor operating conditions
have produced pressure traces with significant
oscillations, or flow instabilities. Analysis of
data from such tests shows both high and low
frequency pressure oscillations. The high
frequency oscillations seem (o indicate a
mechanism driven by the first longitudinal
acoustic mode of the combustion chamber'*.
Low pressure oscillations, on the other han
seem to be driven by a differcnt mechanism
or sct of mechanisms. For gaseous OXygea
hybrid motors, mechanisms such as chuffing,
some boundary layer phenomenon which
couples the combustion response to exterally
imposed pressure oscillations, and vortex
shedding from the fuel grain face have been
suggested as causes of these low frequency
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pressure oscillations"*. Other investigations
have suggested that the flush/fill ime may
play a role in sustaining oscillations arising
from apother source®® As a result of the
testing done at MSFC, the question remains:
what causes the initial oscillations? Chuffing
has not proven to be a significant mechanism
in the tests conducted st MSFC, primarily
due to the nature of the cscillations and to
post-firing grain inspection. ! The role of
fluid dynamics with regard to initiating
pressure oscillations has been considered,
speciﬁnaﬂywﬂhrespecttoﬂowﬁcldscrcaxed
behind rearward facing steps as in dumps (in
the aft cavity) and flame holders (at the
forward end of the grain). Periodic vortex
shedding and downstream interactions bave
been given credit for drving pressurc
oscillations in solid propellant motors®,

One approach to resolving the conflict
over the driving force for these low
frequency pressurc oscillations is to better
understand the subject: the hybrid motor. A
fn'ststepinthisdirectionisamiesof
studies being conducted at MSFC on a
laboratory-scale two dimensional water flow
model of a hybrid rocket motor. Such water
flow studies have been previously performed
clsewhere by Schadow, et. al.’, with regard to
similar phenomena associated with ramjet
flow instabilitics.

Test objectives include: (1)
visualization of flow and measurement of
flow velocity distributions; (2) identification
of large—scalesheathyersu-ucnnuwithinthg
flow; (3) determination of the interactions
. between flow induced shear layers with the
main stream flow, the secondary (wall)
through-flow, and solid boundaries; and (4)
investigation of the interactions between wall
flow oscillations and the mainstream flow
pressure distribution.

P.B>
Test Faéili I Description

The test facility was originally designed to
study flow through porous material to
simulate solid rocket motor fuel bumning m
the Advanced Solid Rocket Motor (ASRM)
development program at NASA’s MSFC.
The test facility consisted of two 500 gallon
(1892 liter) supply tanks with one 800 gallon
(3028 liter) return tank and a two-
dimensional test section. Both supply tanks
were clevated to the same height and
regulated through water supplied from the
retumn tank through a variable speed pump to
maintain equal elevation heads in each tank.
One supply tank contained water which
entercd the test section vertically through a
porous wall, while the other tank supplied
water which entered the test section
(vnimpeded) horizontally, The two streams
simulated wall buming and mainstream gas
flow, respectively. The water flow was
seeded with florescent dye for fow
for simnlation of the flow in a hybrid rocket
motor.

The configuration selected for study is
similar to motors used in a solid rocket motor
simulator program during a serics of tests

by Thiokol to investigate
suppression of pressure oscillations in
subscale hybrid rocket motors.'! This
configuration consisted of three main circular
part (CP) sections of fuel bumed together
with a forward section (upstream plenum)
which was either lined or unlined with fucl
and an aft section (downstream plenum)
which was unlined. The ability to inject
oxidizer radially into the aft end was
incorporated. Post-firing weighing of each
of the circular port scctions revealed a
variation in the oxidizer-to-fuel (O/F) ratio
along the motor (as cxpected). This aspect of
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the hybrid was included in the model.
Though several injectors were used, only
radial injection patterns and axial injection
patterns arc incorporated in the model. Also
included in Thiokol's study of pressure
oscillation suppression, as well as in the
model, were inhibitor plates of rearward
facing steps of various heights which would
inhibit burning at the face of the fuel grain
andchangetheﬂowmttemattheheadd
of the motor.! This study included both
wstable” and “unstable” motors; unstable
motors had pressure oscillations higher than
5% of the average motof pressure.

The original constraints for the hybrid
flow simulation model were set 10
accommodate minimal changes in the test
facility while maintaining the ability to
adequately model the entirc geomelry of a
hybrid motor (albeit two-dimensionally).
This led to a maximum test-bed leagth of
approximately 36 inches (92 cm). In order to
visualize and record phenomena in the eatire
test scction, a minimum CP flowpath height
(inncrwalltoinnerwall)wassetalZinqhes
(5 cm). Based on data gathered from original
testing in the ASRM model, 1/4 inch (0.64
*cm) thick 100y sintered bronze was selected
to simulate mass addition through the walls
(top and bottom). A preliminary model of
the test facility and test rig was used to
derive flow losses in the system and to
determine achievable Reynolds number (Re)
levels as compared to typical Reynolds
pumbers found in actual hybrid motors. The
results are shown in Fig- 1, plotted as Re vs.
scaling factor. As expected, strict Reynolds
number similarity is not achievable with this
model.

Constraints and requirements for the

hybrid flow simulation mode), as determined
by the test objectives, were as follows:

CP Ruyneite Number
i L

P.Qz

1. easily changeable configurations

2. flow visualization capability

3. laser doppler velocimetry (LDV)
capability

4. particle displacement tracking (PDT)
capability

5. OfF ratio similar to actual motor

6. geometry simulation of actual motor
including forward and aft steps

7. various sections of "fuel burning"/mass
addition (3 piece circular port and head-
end lining)

8. various areas of "oxidizer” injection
(injector and aft end)

9. oscillating secondary flow (to assure an
“unstable” configuration)

10. inlet and exit areas simulating actual

motor (injector and nozzle geometry)

NASA/MSFC Dual-Loop Water Test Rig
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Fig. 1: Facility Reynolds number study
The'model scaling rationale was as follows:

« Initial scale was based on the actual motor
size and the .test facility limits for model
length.

* Model size chosen was a trade-off between
Reynolds number scaling (small scale
desired) and easc of visualization and
measurement (large scale desired). _
e The scale factor and the CP diamcter of
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the actual motor fixed the model "CP"
hydraulic diameter.

« A 2.0 inch x 0.875 inch (5 cm x 2.2 cm)
rectangular CP passage was selected to
satisfy the hydraulic diameter criterion. The
5 cm passage beight was chosen for ease of
flow measurement.

» The upstream plenum configuration
resulted from the copstraints of hydraulic
diameter (2.33 inches or 5.9 cm), step beight
scaling, and scaling of Reynolds number
changcbetweentheplenumandtbcCP
portion. The result was a 3.12 inch x 1.86
inch (7.9 cm x 4.72 cm) rectangular passage.

e The downstream plenum has the same
(throughflow) dimensions as the upstream
plenum.

The lengths for the upstveam plenum, cp
portion, downstream plenum, and nozzle
mmpoutsecﬁonswmscaleddimcﬂyﬁ'om
the actual motor dimensions. The model
nozzle angle was the same as in the actual

P.@=

motor. The injector opening area was not

scaled from actual motor injector data due to
limitations in the available test facility
pressurc head. Since the injector produces
the largest flow restriction, injection area was
determined from O/F requirements and
pressure drop. The ratio of the required opea
area of the inhibitor plates to the CP flow
arca was determined based on the size of the
inhibitor plates used in the Thiokol tests.
Three inhibitor plates were made, with open
area ratios of 20%, 36% and 64% (as was a
fourth plate, with 100% open area). To
provide a means to extemally oscillate the
secondary or wall flow, a modified systolic
pump was installed in the feed line for that
loop. The pump was connected to a variable
speed drive which allowed for forced
ﬂ-equcnciesfromGHztoinexnessofi’SHz.

None of the results reponedhereuﬁl‘xzed the -

external  oscillation system, however.
Schematics of the model and test facility are
shown in Figs. 2 and 3, respectively.

Fig. 2: Model Schematic

[
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Fig. 3: Test Facility Schematic
Instrumecptation and Test Procedure 1000 fps. Following this, LDV

Four test configurations were studied in
this phase of the project. Configuration 1,
the baseline configuration, consisted of the
model with the primary mass flow
("oxidizer") injected axially into the upstream
plenum and sccondary mass flow (“fuel")
injected through the upstréam plenum walls
and through all sections of the CP portion.
The 100% open plate was used (no inhibitor),
and no aft end (downstream plenum)
secondary wall flow was utilized.
Prcliminary testing for this configuration
included seeding the flow with laser sensitive
dycandrecomingthcheadandaftsecﬁonsat
both 500 and 1000 frames per second (fps).
The upstream plenum secondary flow was
then sceded with helium bubbles and back-
lightingwasusedtodoﬂowvisualizaﬁonu

measurements were made.

Configuration 2 utilized the basclive
configuration except the radial injector was
incorporated. Testing included flow
visualization with laser semsitive dye, flow
visualization with helium bubbles, and LDV
measurements.

In configuration 3 the 64% open area flow
inhibitor piate was installed in the baseline
configuration (axial injector). Testing with
this configuration included flow visualization
with helium bubbles and LDV measurements.
It was determined after processing the flow
visualization data that the laser sensitive dye
added no real value to the study being
conducted,
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Configuration 4 was the same &5
configuration 2 (radial injector) except that
the 64% open area flow inhibitor plate was
installed. Flow visualization with helium
bubbles and LDV measurements were made.

LDV measurements werc made with
a TSI Inc. fiber optic based system. Shown
schematically in Fig. 4, the system uses a 300
milli-Watt (mW) Argon Ioa Laser that resuits
in approximately 50 mW of laser power in
the measuring volume. The optical signal is

L . G = dy= 97 microns
dz=1.7 mn
% Nucber of Fringes: 23
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amplified and processed by TSI's ColorLink
and IFA 750 respectively. A fifieen
millimeter diameter probe was used,
providing excellent measurement volume

spatial resolution (see Fig. 4). Aluminum

oxide particles of 1 micron diameter were
added to the water supply tank for LDV
seeding. These particles are excellent for
water because they mix easily and are
inexpensive. (Union Carbide Corporation
Specialty Powders Business, 1555 Main Street,
Indianapolis, IN 46224).

Velocity measurements were made in both
the upstream plenum and CP portions of the
model, The measuring volume was ccutered
in the model by visual inspection, and probe
movements were accomplished with computer

‘control of a traverse table. Excellent data

rates werc maintained by stiming up the
parﬁclmthntsenledinthcmagetanks. A
high speed video system, NAC's HSV-1000,
was used to genoerally characterize the
upstream plcaum and CP flow fields. Helium
bubbles were injected into the oxidizer
flowstream and iDuminated from the rear. In
addition to the LDV measurements, video
pictures were made at 500-1000 fps.

Results

Slow motion replay of the high-speed video
clcaﬂyshowsgenmﬁOnofvorﬁces(inmost
instances) from the inhibitoc simulator and
flow recirculation zones in the head end for
both radial and axial injectors. Shedding
ﬁequencies.asobminedbyvisualcmmtof

‘vorticaovcraspeciﬂedﬁnwintcrval(-vo.«i

seconds, real time), are as follows:

Configuration 1: not discernable
Configuration 2: 35 Hz
Configuration 3: 30 Hz
Configuration 4: 39 Hz
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Estimated uncertainty in the above values is £
20%. Results for configuration 1 were 00
uncertain to report. These frequencies are in
the expected range for shed vortex pairs with
a Strohal number of the order 0.25 - 0.50.

Figures 5 - 12 show the LDV results for each
configuration. In each case, approximately
l?.OOdatapointswemtaken(boﬂ:uandv
velocity components).  Data were thea
imerpo]amdandplouedineiﬂmmamline
format oc as absolute velocity contours (the
sqummotoftlnsumofthcsqumsofthc
velocity components).

P.1z
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Clearly seen in the data are such features as
the injected mainstream flow, the injected wall
flow, and, in some instances, large-scale
recirculation regions.

Finally, Figures 13 and 14 show the
influence of the 64% open inhibitor piate on
the overall (time averaged) flow. This is donc
bytakingthcdiﬂ'emncebetweeathcdansets
obtained for the 100% open and 64% open
cases and ploting the results as absolute
velocity contours, Local velocity differences
rangeupmabo‘n9ftlseca.75 m/sec). For
clarity, differcoces less than 1 ft/sec (03
m/sec) are not shown. ‘

s
e 1
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Summary and Conclusions

An understanding of the basic flow
dynamics of the subject hybrid model has
becngainedthmughthissericSOftwting.
Changing injectors (axial vs. radial) and
inhibiting the flow between the upstream
plenum and the CP section changes the basic

configurations; thes¢ structures include both
standing and traveling vortices which may
affect combustion stability. Standing vortices
mayplayamlein:hcheatadditionpmcessas
oxidizer enters the motor, while traveling
vortices may be instability mechanistms in
themselves. Finally, the flow visualization and
LDV measurements give ingight into
demrminingthceﬁ'ectsofﬂowinducedshear
Jayers. Oue such case is illustrated in Fig. 7
whaetthPwallﬂow(andpossiblythe
ﬂameﬁominahotﬂowsimation)isbeing
drawnimnmeupmamplcnum.whucasﬁg.
llshowsthatthep:uenceofaninhibitormay
reduce this tendency.

detected visually, The LDV measurements,
being time-average values, did not discern any
changes either. Therefore, one modification to
thcmodelwillinvolvethcaddiﬁonofﬁftecn
(IS)ﬂucmaﬁnzprcssurcuansducetSinvuims
Jocations on the model. This, coupled with
theinclusionot'utS‘injectorandthezo%
and36%inhibiwrplaws,wi]1furthuexmnd
the understanding of the model flow
characteristics. Particle displaoementn-ackiug

willalsobedonewithconﬂgmﬁom 1-
4 and with subsequent test configurations.
'I‘hzresultsofaﬂtwtingwﬂlbecompﬂedmd
used to build a CFD model to predict flow

behavior. Once the CFD model is in place,

hypotheses linking flow dynamics to hybrid
motor stability can be tested.
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